Abstract: Optical waveguides are fabricated by irradiation of LiTaO 3 with a variety of swift heavy ions that provide increasing levels of both nuclear and electronic damage rates, including C, F and Si ions, in the energy range of 15-40 MeV. A systematic study of the role of the ion fluence has been carried out in the broad range of 1e13-2e15 at/cm 2 . The kinetics of damage is initially of nuclear origin for the lowest fluences and stopping powers and, then, is enhanced by the electronic excitation (for F and Si ions) in synergy with the nuclear damage. Applying suitable annealing treatments, optical propagation losses values as low as 0.1 dB have been achieved. The damage rates found in LiTaO 3 have been compared with those known for the reference LiNbO 3 and discussed in the context of the thermal spike model.
Introduction
Lithium tantalate (LiTaO 3 : LT) and lithium niobate (LiNbO 3 : LN) are among the most important materials used in the last decades for integrated photonic applications given their ferroelectric, optoelectronic and nonlinear optical properties [1] . Initially, the fact that the Curie temperature of LiTaO 3 (T c ∼615-695 °C) is lower than the temperatures needed for the fabrication of optical waveguides by ion diffusion (typically above 1000 °C) favoured the use of LiNbO 3 for the initial progress of the integrated optics technology. The development of integrated devices based on the high nonlinear optical coefficients, like laser frequency conversion, is a particular field that has grown steadily and has maintained a high interest up to nowadays [2] . For these kind of applications LiTaO3 offers some clear advantages compared to LiNbO 3 like a higher photorefractive damage resistance and a wider optical transmission range in the UV [3] [4] [5] . For fostering nonlinear optical applications a great development took place in the topic of ferroelectric domain reversal, particularly for quasi phase matching (QPM) second harmonic generation (SHG) [6] [7] [8] [9] . This so called "ferroelectric domain engineering" has, in turn, promoted further avenues for novel material patterning and structuring by exploiting the differential domain etching rate. It is worth to remark the superior capability of LT crystals to allow for smaller domain patterning than LN crystals, making easier the fabrication of submicron size domain patterns [7] .
Optical waveguide fabrication techniques using temperatures lower than Tc, like protonexchange (PE), have succeeded in using LiTaO 3 preserving the desired ferroelectric domain structure relevant for the device operation [10, 11] . Ion implantation has been shown to be a good technique for optical waveguide fabrication for many materials. Initially, light ion (i.e.
barrier that builds the optical waveguide under the surface [12] . Some specific studies were reported in LT crystals [13] [14] [15] . However, the fluences needed for good optical confinement using light ion implantation are very high, of the order of 10 16 -10 17 at/cm 2 . Interestingly, the use of buried damaged layers produced by ion implantation have been found to be good for producing easier, better and smaller domain reversal patterning in LN with nanometer sizes [16] [17] [18] Recently, the use of irradiations with heavier ions (i.e. A > 10) at higher energies (≥ 1 MeV/amu, also called swift heavy ions or SHI) such that the maximum electronic energy loss (or stopping power, Se) takes place some microns underneath the surface, has been proposed for fabricating good and novel optical waveguides in LiNbO 3 [19] [20] [21] and other oxides [22, 23] with the pragmatic benefit of using fluences several orders of magnitude lower than those used with light ion implantation. The defects and damage generation of SHI and the final structural changes that cause the useful refractive index modification are strongly related to the high electronic energy density deposited along the ions tracks. It is, then, referred as electronic damage as compared to the nuclear damage occurring mostly at the end of the ion tracks and not being, in principle, very relevant in this method. Several regimes of damage creation and accumulation have been studied in LN. For medium mass ions (like F) moderate damage is created per ion track that accumulates, after track overlapping given enough fluence, to finally create buried thick amorphous layers with sharp boundaries and high refractive index change (decrease >10%) that allows for high optical confinement [19, 20] . This method of waveguide fabrication has been applied for the fabrication of demanding devices like micro-rings resonators [24] or in innovative applications such as nanoparticle trapping and patterning [25] . The capability to preserve periodic ferroelectric domain patterns has also been ascertained [26] . On the high energy loss regime, using much heavier ions, the energy loss per ion track increases above the so called amorphization threshold (Se,th, characteristic of each material, being around 6 keV/nm for LN); each ion creates along its trajectory an amorphous latent track, whose diameter (a few nm) is proportional to the energy loss and, therefore, is increasing along the track following the energy loss curve. This type of high energy irradiation creates, by keeping the fluence in the isolated track regime (i.e. at ultralow fluences of the order of 1011 at/cm2), an effective nanostructured medium that behaves like an optical waveguide. It can be quite thick (10´s of µm) and useful for good waveguiding of long wavelength infrared light [27, 28] . Being clear that the electronic energy deposition of SHI plays a fundamental role in the damage generation and the subsequent structural changes of the diverse irradiated materials, the rigorous modeling and understanding of the basic mechanisms of the damage process are still under debate in the community, as discussed in several reviews [29, 30] .
Given the great interest in the potential combination of the several excellent optical and ferroelectric properties of LiTaO3 with the potential of SHI irradiation structuring, we have considered to study systematically the fabrication and characterization of optical waveguides in LiTaO 3 by means of using swift heavy ion irradiation. Aside from the interest in potential technological achievements, taking as a reference the broad knowledge available in the close material LiNbO 3 can strongly help to improve the understanding of the fundamental aspect of SHI damage generation. There are very scarce data published on this subject, even showing contradictory results in the damage mechanism for a case with C irradiation [31, 32] , just using one fluence for a case of heavier Ar ion [33] and all reporting higher propagation losses than we report here. We have explored a more systematic set of experimental conditions, regarding the key parameters under SHI irradiation, the value of Se (keV/nm), varied using C, F and Si ions, and the fluencies. samples thickness is 1mm and most of the samples were cut in pieces of about 5x5 mm for the systematic irradiations and subsequent characterization. Some of the samples were cut with longer lengths, of 10-20 mm, so as to facilitate optical propagation losses measurements. The samples were irradiated, in the 5 MV tandetron accelerator at the CMAM [34], with C, F and Si ions at various high energies in the 15-40 MeV range for waveguide fabrication. Some low energy irradiations (at 300-500 keV) were made in order to place the nuclear damage near the surface to make it accessible for complementary characterization by optical reflectance measurements. Two beamlines of the CMAM were used along this project: the "standard" beamline (STD) were the homogeneous beam size is 6x6 mm, and the "implantation" beamline (IMP) were the mm-size beam is electrostatically scanned (at kHz's frequencies) in the horizontal and vertical axis so as to cover homogenously irradiation areas of several cm 2 . By default, the samples were tilted 5° relative to normal ion incidence to avoid channeling. Some set of samples were irradiated in the STD beamline at 45° angle of incidence for practical purposes to enlarge the irradiated length a few mm's to allow to fabricate longer waveguides. The ion beam current density was kept below 200 nA/cm 2 to minimize charging and heating of the samples. With a thermal imaging camera we could check that the surface temperature is kept within a reasonable range (<100 °C) that avoids significant defect annealing, which typically requires higher temperatures, as discussed later in this work.
Our initial strategy to select the type of ion irradiation, with the aim of efficient waveguide fabrication, takes into account as a reference the detailed information available from waveguide fabrication and ion track formation in the close material LiNbO 3 , as presented in the introduction section. Irradiation of LN with fluorine ions in the range of 20 MeV energy produces the desired thick buried damaged layers due to the electronic excitation, and using moderate ion fluences of the order of 10 14 at/cm 2 . On the other hand, above a threshold in the stopping power (S e,th ) of around 6 keV/nm (ion velocity dependent), amorphous tracks are formed for each ion impact, since the energy density deposited is enough to cause melting (and subsequent ultrafast quenching) [29] . In this regime, an excessive (still low) ion fluence causes amorphization up to the surface, preventing the waveguide formation. Unfortunately, in the case of LiTaO3, the value of the amorphization threshold for amorphous track formation has not been ascertained yet. The analysis based on thermal-spike models is recognized as valid in such high energy (melting) regime. The phenomenological model of Szenes [35] is particularly useful to obtain some estimations, since the maximum temperature increase in the track is given by: ΔT = A⋅S e /(ρ⋅C), ρ being the density and C the specific heat, and A is a factor that has been studied to take similar values for similar insulators. The Table 1 collects the main parameters relevant for a thermal spike for LN and LT. 
The Fig. 1 shows the evolution of the stopping power as a function of depth, calculated with SRIM-2013 [36] , for all the cases studied in this work. For the case of F irradiation we also show as a reference the data for LN (i.e. F 20 MeV, dotted line). The maximum values of S e for LN and LT are nearly the same (about 3.5 keV/nm). The estimated temperature increase in the spike is close for LT as compared to LN (actually, a factor 0.93 lower). Since the melting temperature of LT is significantly higher than LN, one should expect that F irradiations will not induce excessive damage, compared to LN data, since we should be well below the threshold for track formation. In fact, the estimated amorphization threshold (S e,th ) for LT, referenced to the one of LN, would be simply given by (T i being the irradiation temperature):
Then, using an amorphization threshold for LN of about 6 keV/nm, the one for LT would be: 8.4 keV/nm, which is above all the stopping powers used in this work. Fig. 1 . Electronic (S e , solid lines) and nuclear (S n , dashed lines, multiplied by a factor 10 for clarity) stopping powers curves as a function of penetration depth, calculated from SRIM-2013, for the different ions used in this study on LiTaO3, as indicated with labels in the figure.
The electronic stopping power curve for F 20 MeV ions on LiNbO 3 is also included (dotted line) for comparison as discussed in the text. The Se curve labeled "F 25 MeV-45° corrected" has been prepared using the SRIM data for F 25 MeV at normal angle of incidence and then compressing the depth scale to allow for the angle projection, so as to keep considering the real linear energy density along the ion track, that is the relevant value in a thermal spike model, as discussed in the text. We also present (for comparison and discussion) the direct SRIM output for F25 MeV at 45° which shows a larger Se value than at normal incidence, due to the type of calculation that averages the total ion energy in the thinner projected irradiated layer.
Waveguide characterization
The waveguide modes have been characterized by the prism coupling dark m-lines technique, using a 5 mW He-Ne laser (wavelength = 632.8 nm). From the measured set of effective refractive indices of the modes and/or resonances [12] , the refractive index profile is determined using the IWKB algorithm [37] . Optical propagation losses were determined using the longest samples, by measuring the scattered laser light along the beam trajectory in the waveguide with a CCD camera. Annealing at several temperatures were performed in a tubular furnace in air atmosphere to remove irradiation color and scattering centers. Some complementary in situ optical reflectance measurements were performed during the irradiation of some samples using low energy ion (F 500 keV and Si 300 keV). These irradiations were made at 45° incidence angle so as to facilitate that the optical reflection measurement is made at near normal incidence of the sample, using an optical port placed at 45° in the vacuum irradiation chamber. From this optical reflectance, the surface refractive index is estimated using the Fresnel relation. We used an unpolarized white light source and therefore, being the substrates z-cut oriented, the ordinary refractive index is probed. This technique is presented in more detail in Ref [38] . The aim here is to place at the surface a similar value of the nuclear stopping power than the one that is buried when using the high energies that form waveguides.
In order to characterize the structural disorder induced in the irradiated samples, along the first few microns underneath the surface, Rutherford Backscattering experiments in channeling configuration (RBS/c) were performed, along the c-axis channel, using H ions at 3 MeV.
Optical waveguides with fluorine irradiations

F 25 MeV at 45° angle incidence on stoichiometric LiTaO3
The Fig. 2 shows the results for the irradiations of SLT crystals made with F 25 MeV ions at 45° angle of incidence. It shows the measured dark mode effective indices (left side) and their corresponding refractive index profiles determined (right side) for the ordinary (top) and the extraordinary (bottom) polarizations. The dashed lines part of the refractive index profiles are just guesses that are consistent with the nuclear stopping power curves. The refractive indices corresponding to the virgin substrate (n o,s and n e,s ) and to the amorphous state (n a = 2.035) are shown with horizontal dashed lines for reference. The depth positions for both, the maximum electronic and nuclear stopping power curves (Fig. 1) , are shown with vertical dashed lines. The symbols correspond to data obtained from the optical reflectance measurement (only ordinary polarization) using the low energy ion irradiation for reference, as discussed in the text.
We see that, for the lowest fluences necessary to produce some refractive index change to allow for some guided modes, in the order of 2x10 14 at/cm 2 , the refractive index profiles are proportional to the nuclear stopping power curve, showing the maximum value at a depth of about 5.8 µm. Already this results can be compared to those in the reference material LN, where for the same fluences, a thick amorphous layer is formed due to the electronic damage, as discussed in detail in the literature [19, 30] . For a higher fluence of 8.5x10
14 at/cm 2 (i.e. a factor 4 higher) the maximum of the damage (i.e. minimum refractive index) is slightly shifted towards a shorter depth. It also shows a small decrease along all the refractive index profile up to the surface. Interestingly, for just a bit higher (x1.2) fluence of 1.1x10 15 at/cm the maximum value of S e is placed (at 3.6 µm). Moreover the minimum refractive index corresponds with the amorphous value and, in addition, we already get a quite sharp refractive index profile, similar to those reported for LN. Doubling (approximately) the last fluence up to 2.1x10 15 at/cm 2 further causes the sharp boundary to slightly move towards a smaller depth as also happens for LN [19] . The refractive index of the amorphous state (n a = 2.035), shown in Fig. 2 for reference, is a relevant parameter for the optical waveguides characterization and the underlying damage analysis, that has been obtained more accurately from the combined analysis of all the refractive indices profiles studied shown in this work for all the ions.
Damage assessment by RBS/C data
In Fig. 3 we show the characterization, using RBS/channeling, of the disorder induced in the first few microns underneath the surface by the same ion irradiations discussed in the previous section (with the refractive index profiles shown in Fig. 2 ). Several valuable pieces of information can be obtained from the RBS-c spectra. First thing to be remarked is the good crystallinity shown by the irradiated crystal in the near surface region (i.e. in the first micron). Therefore, the small but significant decrease of refractive indices measured at the surface (Fig. 2) is not directly associated to standard "damage" but it might be related to some macroscopic effect related to the induced strain and stress, subject studied with TEM analysis in low energy implantations of LT [39] . On the other hand, the depths at which the maximum damage occur can be compared to those obtained from the refractive index profiles (Fig. 2) showing good agreement. Indeed, we clearly see, for the fluence of 1.1x10 15 at/cm 2 the transition from the pure nuclear damage regime to the case where the electronic stopping power is playing a significant additional or synergetic role. Interestingly, at that fluence, we can still appreciate two distinct maximum disorder peaks (at about 5.8 and 3.4 µm) that can be nicely correlated with both maximum of the nuclear and electronic stopping power curves, respectively. For the highest fluence studied already a full flat disordered layer is observed. Here, is timely to comment on the measurements made by optical reflectance during irradiation with low energy ions (F 500 KeV and Si 300 keV). The value of the nuclear stopping power at the surface is close to the maximum values that are placed deep for high energy as shown in the SRIM calculations of Fig. 1 . From the reflectance signal we determine, using the Fresnel relation, the equivalent (fluence-like) ordinary refractive indices shown with symbols in Fig. 2 (top, right) as a reference. We, then, emphasize that although is not a direct measurement on such specific waveguides, it can be considered a valuable data since the dark mode analysis give no accurate information of the back side of the optical barrier. It can be observed that for the transition fluence of 1.1x10 15 at/cm 2 the full amorphization has not been achieved at the maximum of the nuclear stopping power curve.
F 20 MeV on congruent LiTaO3
We also performed irradiations with F 20 MeV ions at quasi-normal incidence (about 5° incidence) at various fluences in CLT. We chose this configuration as the default one so as to use our IMP beamline and benefit of large irradiation area and in futures works of some extra equipments installed there. In Fig. 4 we show the measured effective refractive indices and their corresponding refractive index profiles. We also show the results after some low temperature annealings performed to study the optimization of the propagation losses, later discussed. The initial stages of damage seems to appear at the same order of magnitude of fluence of about 1x10 14 at/cm 2 and, as a general trend, also following the nuclear stopping power curve that has its maximum at a depth of 6.7 µm. However, a difference in the refractive index profile shape can be appreciated, being now less gradual from the surface (or being more step-like), even up to the intermediate fluence of 6x10 14 at/cm 2 . It must be remarked that the depth position of the maximum of S n is now significantly separated from maximum of the S e curve, as can be appreciated both in the SRIM data of Fig. 1 and with the corresponding reference vertical dashed lines in Figs. 2 and Fig. 4 . This support the hypothesis of the possible synergy effects in the cross section for damage generation. After some seed of accumulated nuclear damage at the end of the ions range, the electronic excitation of subsequent ion tracks reaching the inner boundary of such predamaged regions, shows and effective lower threshold for enhancing further damage. Recently, such phenomena of synergy between the electronic excitation and the nuclear damage is being studied in various materials and specifically in LT [40] .
With the results presented so far with fluorine ions we can ascertain that the estimation made with the thermal spike model for our irradiation strategy has been good to explore a range of fluence that allow to produce waveguides showing from gradual refractive indices profiles to step-like ones. For expanding this investigation in the main parameters for potential tuning the fabrication capabilities (the values of S e and S n ), we decide to explore both, lighter (i.e., C) and heavier ion (i.e. Si). For the case of a lighter ion, we choose C irradiations so as to compare to reported contradictory results [31, 32] . Figure 5 shows the ordinary refractive index profiles obtained for irradiations of CLT with C 15 MeV ions at three fluences. All the profiles are closely proportional to the corresponding S n curve. For the same fluence range than in F irradiations, the damage as seen by the refractive index change is smaller, and roughly proportional, as it should be, to the lower mass and lower values of S n shown in Fig. 1 . For the highest fluence of 1x10 15 at/cm 2 the maximum refractive index change is not higher than about 50%. In this same fluence range are the data of ref [31] . using a lower energy (6 MeV) that are in agreement with this work, and the data of ref [32] . using the same energy (15 MeV, fluence 2x10 14 at/cm 2 ) that are not in agreement with this work. From our point of view a possible explanation that could explain the "higher" electronic damage seen in ref [31] , could be that they had significant heating of the sample during irradiation, in which case, according the thermal spike model already commented, the effective threshold for electronic damage generation is lower. 
Optical waveguides with carbon irradiations
Optical waveguides with silicon irradiations
Si 40 MeV on congruent LiTaO3
The Fig. 6 shows the results for the irradiations of CLT crystals made with Si 40 MeV ions. It shows the measured dark mode effective indices (left side) and their corresponding refractive index profiles determined (right side) for both polarizations. For the lowest fluences that produce only one or two measured dark modes an accurate refractive index profile cannot be produced. Nevertheless, from the effective mode values and their slope (for the case of two modes) some rough profile shapes can be guessed. It can be estimated (lowest fluences, 2 modes) and seen that the maximum damage is firstly located deep, near the depth of S n,max and then "shifts" progressively towards the depth at which is located the maximum of S e . The complementary data obtained from the in situ optical reflectance (symbols) show again, and in this case even more clearly, the different rate of damage generation when comparing the pure effects of S n with the combined or synergetic effects of S e and S n . We obtain significant damage for much lower fluences than for the F irradiations, about one order of magnitude lower. The dashed lines part of the refractive index profiles are just guess that are consistent with the nuclear stopping power curves. The depth positions for both, the maximum electronic and nuclear stopping power curves (Fig. 1) , are shown with vertical dashed lines. The symbols correspond to data obtained from the optical reflectance measurement (only ordinary polarization) using the low energy ion irradiation for reference, as discussed in the text.
Nevertheless, the fluence is still high enough to claim that we are in the track overlapping regime (corresponding the isolated track regime to fluences up to some 5x10 11 at/cm 2 ). Our results show that we are, therefore, below the amorphization threshold with the electronic stopping values of the Si irradiation. This is consistent with the estimation we made in Section 3, using the thermal spike model, for the latent track formation threshold for LT being about 8.4 keV/nm. Is worth here to comment that in the work of ref [33] . the authors use swift Ar irradiation that has a maximum value of S e of just 8.3 keV/nm. For the low fluence they used of 2x10 12 at/cm 2 , track overlap is still not very high and, therefore, the damage generated is also low, as they found.
Damage assessment by RBS/C data
In Fig. 7 we show the characterization, using RBS/channeling, of the disorder induced in the first few microns underneath the surface by the same ion irradiations discussed in the previous section (with the refractive index profiles shown in Fig. 6 ). 
Optimization of optical propagation losses
The optical waveguides fabricated by ion irradiation (in most dielectrics) show high optical propagation losses, mainly due to color centers causing absorption bands and also due to some scattering centers as a result of local stressed regions. We have performed several sequential steps of annealing (1h each step, in air) at increasing temperatures (175, 200, 225 °C) to some of the waveguides made by F and Si irradiations and whose refractive index profiles have been shown in previous sections. In Fig. 8 we show, as an example, the propagation losses image and its corresponding analysis for the case of irradiation of CLT with F 20 MeV and annealed up to 225 °C showing a very good value as low as 0.8 dB/cm. In Fig. 8 we show the best values obtained, for the moment in this on-going work, for reasonably high optical confinement (i.e., high refractive index change). We achieve propagation losses under 0.5 dB/cm for both type of ions, F and Si. We remark here that we have ascertained that theses low temperature annealings preserve the refractive index profiles, as is shown in Fig. 5 for the case of F 20 MeV irradiation. We note that our propagation losses are better than those reported in the two references using SHI already commented [32, 33] .
Obviously, one of the desired objectives would be to have low propagation losses for any of the possible waveguides fabricated and, particularly, for those showing the highest optical confinement, i.e. step-like refractive index profiles. Unfortunately, we have found at this stage the somehow surprising result that, increasing the annealing temperature above some 250-300 °C, produces worse results, due to the appearance of some cracks, probable due to the relaxation of accumulated strains. This does not happens in the equivalent LN waveguides produced by F ion irradiation where annealing in the range 300-350 °C still reduced optical losses [19, 20] . It is timely to cite here various works on damage induced in LT by low energy Ar implantation (i.e. nuclear damage) and the subsequent damage annealing study in various atmospheres [39, 41, 42] . On the one hand, the influence of strain relaxation effect on lattice distortion has been ascertained and, on the other hand, the beneficial effect for the damage recovery of using wet oxygen annealing has been shown. This is, then, a clear route for further work in order to try to improve the optical quality of the LT waveguides produced by SHI irradiation. 
Conclusions
We have performed a detailed study of successful optical waveguide fabrication in LiTaO 3 by SHI irradiation with C, F and Si ions in the energy range of 15 -40 MeV. The irradiations have been chosen to be in the subthreshold amorphization regime, that requires significant ion tracks overlap to create the necessary accumulated damage. We have found an interesting scenario were the initial damage kinetics is of nuclear type and, then, for higher fluences it clearly evolves to include some type of synergy between the nuclear and electronic excitation. The refractive index profiles have been systematically characterized by dark mode analysis and in situ optical reflectance measurements. The structural disorder depth profiles of the waveguides has been ascertained by RBS/channeling. Low optical propagation losses below 0.5 dB/cm have been obtained for suitable annealing conditions. The thermal-spike model scenario has been discussed to be adequate to explain the rough electronic damage rate generation, by comparing the results from this work on LiTaO3 with the available data from the reference LiNbO 3 . 
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